We have researched and developed a new Heusler-type ferromagnetic shape memory alloy Co 2 NiGa, which has large magnetostriction caused by the magnetic-field-induced re-arrangement of martensite twin. The ribbon samples produced by rapid-solidification melt-spinning method show strong texture and large magnetostriction " of about 110 Â 10
Introduction
A ferromagnetic shape memory alloy (FSMA) is expected to be useful as a new type actuator/sensor material having a nature of magnetostriction with a quick response. Recently, it has been reported that ferromagnetic single crystals of Ni 2 MnGa, 1) Fe-Pd 2) and Fe-Pt 3) show a few % strains caused by the rearrangement of martensite variants. However, in spite of their exceedingly huge strain, these alloys have serious weaknesses, that is, working to fiber or foil is very difficult because of the poor ductility or their low martensite transformation temperatures.
In a previous study, 4) we showed that polycrystalline Fe-29.6%Pd ribbons prepared by rapid-solidification melt-spinning method have fine columnar microstructure with strong oriented texture, giant magnetostriction of 1000{1800 Â 10 À6 and good shape memory effect. It has been claimed that the martensite-phase starting temperature Ms for the Heusler type Ni 2 MnGa alloy depends on the valence-electron concentration. 5) According to this relation, Wuttig et al. suggested that CoNiGa system has a possibility of FSMA. 6) In order to develop a new FSMA of Co 2 NiGa alloy, we controlled both Ga and Ni concentrations so as to let Ms be in temperature from 150 to 400 K. This temperature range is necessary to put actuator/sensor material to practical use. Next, we prepared the thin ribbon samples by using the rapid-solidification melt-spinning method to get fine columnar microstructure with strong oriented texture, and investigated the crystal structure, magnetic properties, magnetic field induced strain, martensite transformation temperatures and shape memory effect. The composition of these ribbons described above was checked by using Electro Probe Micro Analyzer (EPMA). The bulk samples (plate with 1 mm thickness) were obtained by cutting each ingot. The ribbon samples with 60 mm thickness were produced from the alloy ingot by using an originally designed single-rolled melt-spinning apparatus 4) with iron wheel in an argon atmosphere. The X-ray diffraction (XRD) was measured for ribbon and bulk samples by using Cu-K radiation. The appearance and disappearance of thermoelastic martensite twins were observed by a laser microscope (Lasertec 1LM21) during heating and cooling processes between 293 K and 473 K. A bend-ductility test was done by bending the samples one by one from 0 to 180 . The magnetization M vs. applied magnetic field H loop was measured by vibrating samples magnetometer (VSM) method. The magnetostriction " was measured by a strain-gauge attached to the sample surface (see Fig. 5(b) ). The samples were set in a furnace between the electromagnets. The shape memory effect was evaluated from the observation of shape recovery of the curled ribbons in silicone oil during heating.
Experimental Procedure

Results and Discussion
3.1 Surface observation and crystal structure analysis of ribbon samples As shown in Fig. 1 , the cross-section of the Co 52:4 Ni 22 Ga 25:6 ribbon is found to exhibit fine columnar microstructure with about 20 mm in width as has been observed for a rapidly solidified Fe-29.6 at%Pd ribbon. Figure 2 shows laser microscopic photographs of the Co 52:4 Ni 22 Ga 25:6 ribbon surface during heating and cooling. As seen in Fig. 2 , grain size of the ribbon is 10-30 mm. This corresponds to the columnar microstructure size as shown in Fig. 1 . The martensitic stripe-pattern appears in the grain. When increasing temperature from 296 K (heating process), the pattern was clearly observed up to 368 K, but almost disappeared at 393 K. When decreasing temperature from 393 K (cooling process), the martensitic stripe-pattern reappeared at 355 K. The similar behavior was observed for the is strong and split into two peaks, 101 M (010 M ) and 110 M , it can be concluded that the ribbon has strong crystalline anisotropic texture and tetragonal martensite phase. 6) After annealing for 100 h at 693 K in order to remove internal stress caused by rapid-solidification method, 200 M þ 400 A and 002 M peaks are clearly seen as shown in Fig. 3(b) . From the results, it is expected that the ribbon sample consists of a martensitic body-centered tetragonal structure (bct) with lattice constants, a ¼ 0:286 nm and c ¼ 0:297 nm.
4)
From the XRD experiments, it was found that the Co 52:1 Ni 26:1 Ga 21:8 ribbon consists of a martensitic tetragonal structure only, and the greater part of the Co 50:3 Ni 23:2 Ga 26:5 ribbon have an fcc structure with a ¼ 0:359 nm and the remainder martensitic bct structure. The composition of these alloys corresponds to the þ two-phase region in the CoNi-Ga ternary system.
7)
Bend-ductility test
Ductility for the four ribbon samples was investigated in order to compare with the brittleness of Ni 2 MnGa system alloy. The results of bend-ductility test are listed in Table 1 , where symbols and Â denote unbroken and broken, respectively. The Co 50:3 Ni 23:2 Ga 26:5 ribbon doesn't break even for bending angle of 180 , because it consists of both fcc and martensite structures. the structure of ribbon becomes purely of martensite and therefore the ribbon becomes brittle. From these results, Co 2 NiGa system alloy dose not have the difficulty of brittleness in working to shape in contrast to the case of Ni 2 MnGa system alloy.
Magnetic property
Figure 4(a) shows the M vs. H loops of the Co 52:4 Ni 22 Ga 25:6 ribbon and (b) a schematic diagram of measurement arrangement. The sample can be rotated around the rolling direction and the magnetic field was applied perpendicular to the rolling direction (RD). Angle of sample rotated around the RD is defined as an angle between the transverse direction of ribbon and magnetic field, as seen in Fig. 4(b) . It can be considered that this anisotropy originates from the strong texture that consists of columnar microstructure caused by the rapid solidification. On the other hand, the coercive force of the bulk depends scarcely on , indicating magnetically isotropic texture for bulk. Figure 6 shows the temperature dependence of the maximum coercive force for three ribbons, obtained from M-H loops. When increasing temperature, the coercive force of Co 52:4 Ni 22 Ga 25:6 ribbon rapidly decreases between 350 K Figure 7 shows magnetostriction "-H curves for Co 52:4 Ni 22 Ga 25:6 (a) ribbon and (b) bulk samples. Magnetostriction of ribbon depends on remarkably and exhibits a maximum value of À110 Â 10 À6 at ¼ 60 possibly due to the strong oriented texture of the sample. On the other hand, " of bulk in randomly oriented polycrystal has a maximum of À30 Â 10 À6 at ¼ 0 and is saturated at H ¼ 450 kAÁm À1 . These results show that the magnetostriction of ribbon sample becomes 3.5 times larger than that of bulk. It can be considered that the enhancement of " for ribbon is due to strong texture which consists of a fine columnar microstructure parallel to the thickness direction of ribbon film prepared by rapid solidification. Figure 8 shows the temperature dependence of magnetostriction " of the Co 52:4 Ni 22 Ga 25:6 ribbon. When increasing temperature, the " first increases and reaches a maximum at 340 K, and then decreases rapidly to a value at 370 K. Inversely when decreasing temperature, the " increases again and reaches a maximum at 353 K, and then decreases to the bottom value at 340 K. From the result, we conclude that the magnetostriction is caused by rearrangements of the martensite twin variants activated in the temperature range below the austenite-phase starting temperature A s . Figure 9 (a) shows a temperature dependence of shape recovery ratio ( T = 0 ) of the three ribbon samples, where 0 and T are radii of curled ribbon at room temperature and T K, respectively (see Fig. 9(b) ). The ratio of 6-6.5 means perfect recovery, that is larger than that of Co-25 at%Ni-30 at%Ga. 7) Drastic shape recovery arises in the temperature ranges of 373-418 K and 338-368 K, respectively for Co 52:4 Ni 22 Ga 25:6 and Co 52:1 Ni 26:1 Ga 21:8 ribbons. These temperature ranges agree with those expected from the measurement of the coercive force and the observation of martensite Table 2 .
Magnetostriction
Shape memory effect and the reverse transformation temperatures
Conclusions
In this study, we examined a possibility of Co 2 NiGa system alloys as new FSMAs, when preparing the ribbon samples by using rapid-solidification melt-spinning method. The texture of ribbons was investigated by XRD and laser microscope. Magnetic property, strain induced by magnetic field and shape recovery were also measured. The main conclusions are as follows:
(1) The ribbons consist of the texture having a fine columnar grains. (2) The magnetostriction for the Co 52:4 Ni 22 Ga 25:6 ribbon is over 100 Â 10 À6 , which is 3.5 times larger than that of bulk sample having no texture. 
